Abstract-Nowadays, many HPC systems use the multi-core system as a computational node. Predicting the communication performance of multi-core cluster systems is complicated job, but finding out it is important to use multi-core system efficiently. In the previous study, we introduced the simple linear regression models for predicting the communication costs in collective I/O. In the models, however, because it is important to get the communication characteristics of the given system, we designed cFireworks, an MPI application to measure the communication costs of HPC systems. In this paper, we explain the detail concept and experimental results of cFireworks. The performance evaluation showed that the expected communication costs with the linear regression models generated by using the output of cFireworks are reasonable to use.
I. INTRODUCTION
Because modern HPC systems consist of multi-core computational nodes, the systems frequently issue the complex intra-node and inter-node communications. In such systems, predicting the communication performance is difficult, but it is an important process to use HPC systems efficiently.
Collective I/O is the specialized I/O which provides the functions of single-file based parallel I/O. As the number of processes and the size of a problem increase, the importance of collective I/O is also emphasized. The most well known parallel programming library, the message passing interface (MPI), also supports collective I/O and it follows the two-phase I/O scheme in order to improve the collective I/O performance [1] , [2] , [3] , [4] . The two-phase I/O consists of data exchange phase and I/O phase. In terms of data exchange phase, it has to generate a number of complicated communication operations and they become some parts of collective I/O overheads.
In the previous study [5] , we have shown it is possible to improve the performance of collective I/O by reducing the communication costs. Furthermore, we also have demonstrated that finding out the expected communication costs before launching an application is important to reduce the communication costs in collective I/O. We used the linear regression models for predicting the communication costs and it was important to understand the communication characteristics of given systems in order to get the reasonable linear regression model. For this reason, we considered making cFireworks, an MPI application to measure the communication characteristics of multi-core cluster systems and partially introduced the intuitive approach. The data exchange time in node n i can be described as:
where ca i is the number of intra-node communications within n i and ce i is the number of inter-node communications of n i .
III. cFireworks
In the previous study, we discovered that the data exchange time of collective I/O was determined by the communication time of the most overloaded node. Furthermore the communication time is represented by α, β and γ in equation (1) . Because these values are related with the characteristics of the given system and communication procedures, it is necessary to identify the communication characteristics of the given system. For this reason we created a test program called cFireworks, in order to measure the appropriate communication parameters for the system. Figure 1 shows the basic concept of the cFireworks test. In the first version of cFireworks, a process acts as a hot spot. In the real world, however, some processes in the same node can concurrently participate in the intra-and inter-node communications. For this reason, we designed the second version of cFireworks reflecting this situation. In the modified version, cFireworks has multiple hot spot processes. The processes are assigned to sub-groups and the processes send or receive data to their hot spot process in the sub-group. In this way, the program generates multiple concurrent communications in a node. There are two kinds of procedures to post asynchronous communications. In case of the first procedure intra-node communications are posted first (line 5 and 9), while the second procedure issues inter-node communications first instead of the intra-node ones (line 19 and 23). In other words, in the first measurement method, it generates the intra-node communications and then launches the inter-node communications; whereas in the second method, the internode communications are called first instead of the intranode communications. In many cases, calling the intra-node communications first shows slightly better performance.
IV. PERFORMANCE EVALUATION
All experiments in this study were performed with Tachyon cluster systems 1 . Table I describes the specifications of Tachyon I and II system. A computational node of Tachyon I has four quad core CPUs, AMD's Barcelona. Each CPU is equipped with 2 Mbytes L3 cache memory, DDR2 memory controllers and HyperTransport controller. Tachyon II is equipped with Intels Nehalem CPU which has an 8 Mbytes shared cache memory and DDR3 memory controllers. for x = 0; x < half star; x++ do ⊲ increase the no. of inter-node comm.
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MPI Isend(send buff,...,); 25: end for 26: end for 27: end for 28: end procedure inter-node communications. That is, the hot spot process in Fig. 1 has the same number of ingress links and egress links for intra-or inter-node communications, respectively. For this reason, we've used a linear regression model obtained from the measured data considering equation (1) in order to cover every possible number of communications in a node. Figure  2a , 3a, and 4 illustrate the regression models derived from the data: the values of their coefficient of determination, R 2 , are approximately 0.98s.
In case of Tachyon I, Figs. 2 and 3 show that the increasing rates of the communication time had altered when there were more than two pairs of intra-node communications. That is, when the number of intra-node communications is in the range of 2 and 7, the graph shows the rapid increases in communication time unlike the results between 0 and 2. We checked the system throughput with the measured data and could find that when the number of intra-node communications was less than 2, the throughput of the node still increased. If, however, it was more than two, the throughput remained steady and didn't increase further. Consequently, the condition of that the number of intra-node communications reaches two is a criterion to determine whether the throughput of a node is saturated or not. For this reason, we've split the linear regression model into two variants: one for when throughput of the node is not saturated and another for when the throughput is saturated. By subdividing the regression model, the correctness of the model is improved. For example, when the number of intra-node communications is in the range of 2 and 7, R 2 s are approximately 0.99s.
B. Validation test for cFireworks
In this section, we introduce the results of validation tests. The results of cFireworks were used for predicting the communication costs of collective I/O. In order to generate collective I/O workload, we used the MPI-Tile-IO benchmark [12] and validated whether the linear regression models can provide a good indicator or not by comparing the execution time of MPI-Tile-IO and the results of cFireworks. In the test, a 4×4 array was distributed to 16 processes, which wrote and read an 1 GB file. If the selected nodes have the different number of processes, the communication times in collective I/O are different according to the sequence of the nodes [5] . The performance was measured using four types of node sets that had 16 processes from the eight nodes as described in Table II and Figure 5 . Figure 6 shows the communication cost of the MPI-Tile-IO and the expected values obtained by the linear regression models. In order to focus on the data exchange phase itself, the execution time without the file I/O phase was measured 2 . In terms of collective I/O, if the size of I/O request is larger than the collective buffer size, collective I/O iterates the data exchange and I/O phases multiple times. We assumed that the data exchange time for a single iteration is proportional to the entire data exchange time and the linear regression models are used for predict the time for a single iteration. This is the reason why there is a gap between the measured data and the predicted ones in those figures. {4,4,2,2,1,1,1,1}   T16-02  {1,1,1,1,2,4,4,2}   T16-03  {1,1,2,2,1,1,4,4}   T16-04  {1,1,1,4,4,2,2 As seen in Table II and Fig. 6 , the prediction values and measured date of Tachyon II are much less than those of Tachyon I. That is, the communication costs of Tachyon II are lower than those of Tachyon I because the communication performance of Tachyon II is much higher.
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The result of the experiment also demonstrates that the regression model can provide reasonable predictions in general. As seen in Table II , we used four kinds of test sets for the experiments. Because each node set has the different order of nodes communication patterns in collective I/O are also changed. In other words, each test case has the different number of intra-and inter-node communications in a hot spot node and this hot spot node determines the communication time of collective I/O. We input the number of communications in hot spot node of each test into our regression model and compared the results with the measured data.
The experimental results in Fig. 6 showed that our regression model could generate the reasonable prediction values. Because the predicted values are proportional to the real measured data in a greater or less degree, it is possible to use our regression model as a prediction model which can find a good node set without MPI execution. The performance differences among node sets in Tachyon II are not significant but the linear regression model still can tell the expected communication performance of Tachyon II.
V. CONCLUSION
Although predicting the communication performance of multi-core cluster systems is troublesome task, finding out the expected communication performance is important. In this study, we introduced cFireworks, an MPI application to measure the communication costs of HPC systems and the outputs of cFireworks were used for generating the linear regression models for predicting the communication costs. The results of performance evaluation showed that the expected communication costs with the linear regression models are reasonable to use. Furthermore, they also proved that cFireworks Tachyon  I and Tachyon II) is simple and intuitive to use and helpful to generate the linear regression models.
